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FEuropa is one of the most scientifically interesting targets of the solar system, as it may possess the three
necessary ingredients for life: an extensive ocean of liquid water, an energy source from tidal heating, and a
suite of biogenic elements. To explore the habitability of Europa, NASA is developing the Europa Clipper
mission, currently scheduled to be launched in 2022. Europa resides deep inside the gravity well of Jupiter, in
a region of the magnetosphere with many trapped ionized particles that get accelerated to near relativistic
speeds; a Europa orbiter mission would require a large amount of AV for an orbit insertion maneuver,
and would only return limited science data before being critically exposed to radiation. To mitigate these
issues, Europa Clipper instead only utilizes Europa flybys, connected by Europa-resonant and non-resonant
orbits. Science data is collected during high-radiation passes, and returned to Earth during the rest of the
Jovian orbits, at a much lower radiation dose exposure. This paper will present several tour tools techniques
developed for the design of the Europa Clipper flyby trajectory. In particular, the paper will describe different
ways to perform fast line-of-apsides rotations; a new approach to improve the coverage of Europa’s trailing
and leading edges, with the lighting conditions considerations; parametric studies of the expected radiation
dose and time-of-flight as function of the Europa resonance; and a quick way to estimate the radiation dose
for Jovian tours. Other techniques, that were already presented in previous papers, will be reviewed for

completeness. We then implement some of the new approaches in the 18F17 tour.

I. INTRODUCTION

Planetary satellites are some of the most intriguing
targets for planetary science, as they hold the keys to
understand the origin of the solar system and often
possess the potential ingredients for life.! Satellite
exploration missions are enabled by complex, wind-
ing trajectories, called satellite or moon tours, that
can last years but have characteristic time scales of
days (the orbit periods of the satellites). Tours use
tens of flybys to attain both close-up science obser-
vations and to change the spacecraft orbit around
the planet. Their design is challenging because of the
large number of flybys (which increases the dimension
of the design space while imposing tight encounter
constraints) and because of the many operational and
environmental requirements. In addition, the space-
craft motion is perturbed by the non-spherical gravity
harmonics of the planet, by the gravitational pull of
multiple satellites acting at the same time, and for
large orbits, by the Sun gravity. The optimization of
even a single end-to-end moon tour in a high-fidelity
model is a difficult, time-consuming task, and com-
pletely exploring such a chaotic, high-dimensional so-
lution space is impractical. Instead, mission ana-
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lysts have developed advanced techniques in simpli-
fied models to search for high quality tour options
with high science return and adhere to ground sys-
tem and flight system requirements while mitigating
mission risks prior to ultimately converging in a high-
fidelity flight software. These techniques helped mis-
sion analyst to design tours for Galileo, Europa Clip-
per, Cassini, JUICE, and for several proposed mis-
sions to Neptune, Uranus, among others. Yet more
advanced tour design techniques are needed, as space
missions becomes more complex, building on the suc-
cess of Galileo and Cassini. For example, in prepara-
tion to the Critical Design Review (CDR) in 2019, the
Europa Clipper project is designing new tours with
more science return, enhanced robustness, but sub-
ject to the same requirements levied on the mission
design from the ground system (i.e., operational ca-
dence types of requirements) and flight system, com-
pared to the Preliminary Design Review (PDR) base-
line tour 17F12.2

This will paper present new techniques that en-
able the design of higher quality tours, specifically,
including: a quick way to estimate the radiation dose
for Jovian tours; parametric studies of the expected
radiation dose and time-of-flight as function of the
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Europa resonance; different ways to perform fast line-
of-apsides rotations; and a new approach to improve
the coverage of Europa’s trailing and leading edges,
with lighting conditions considerations. An example
tour, 18F17-beta, is discussed to exhibit the results
of utilizing these techniques in order to attain the
desired tour enhancements.

Callisto’s Orbit

Ganymede’s Orbit

£

N\
Europa Flyby

uropa’s Orbit

Spacecraft’s /
Representative Orbit

Fig. 1: Radiation Environment and Overall Mission
Design Strategy. Representative orbit with a 14.2-
day period. Approximately 70% of the orbit is
spent outside the harsh radiation environment
(10 days).?

II. BACKGROUND

II.i Europa Clipper mission and typical tours

Europa resides deep within Jupiter’s gravity well,
in a region of the magnetosphere with many trapped
ionized particles that get accelerated to near relativis-
tic speeds, creating a radiation environment that is
detrimental to unprotected spacecraft electronics; as
such, a Europa orbiter mission would only return lim-
ited science data before being critically exposed to
radiation and would also require a large amount of
propellant to insert into orbit around Europa. To
mitigate these issues, Europa Clipper Mission will
instead execute a high number of Europa flybys in
a highly eccentric orbit around Jupiter. The flight
system will collect a large volume of science data
at each Europa flyby (where the radiation will be
the strongest), and then quickly escape the intense
radiation environment near Europa to downlink the
Europa science data to Earth over the remainder of
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Jovian orbit, when the radiation levels are very low

(Fig. 1).

The Europa Clipper architecture is thus enabled
by a tour with more than 40 Europa flybys designed
to attain global-regional coverage under specific solar
illumination conditions, relative velocity, and range,
which vary depending on the instrument performing
the measurements. After a 300-km Ganymede flyby
and a large Jupiter insertion maneuver (JOI), all Eu-
ropa Clipper tour designs start with a “200-day cap-
ture orbit followed by 5 phases:>%:?

1. The Pump-Down Phase, where Ganymede fly-
bys reduce the orbit period and inclination, and
target the first Europa flyby with the right ge-
ometry and illumination conditions;®

2. The Europa Campaign 1 (EC-1) Phase, where
Europa flybys mostly at 2-week cadence pro-
vide observations over the lit, anti-Jovian hemi-
sphere. The location of EC-1 flybys range from
Lg, =~ —15° to Lg, =~ 60°, where Lg, is the
projection of the Sun-Jupiter-Europa angle on
Europa’s orbit*;

3. The Transition to Europa Campaign 2 Phase,
where the Europa Clipper orbits and the location
of the Europa flybys are rotated of 180°;

4. The Europa Campaign 2 (EC-2) Phase, where
Europa flybys provide observation over the lit
sub-Jovian hemisphere, and over the night-side
anti-Jovian hemisphere;

5. The Disposal Phase, where the spacecraft is de-
signed to impact Jupiter.

The current baseline tour, 17F12, was the first tour
adopted by the Project that was designed to meet
(most of) the 300+ constraints levied on trajectory
design by the NASA-selected payload and by the
flight system. For CDR the Mission Design Team
is designing new tours, that would maintain the cur-
rent quality of 17F12 in terms of science return and
mission costs and risks, but could also include with
the following enhancements:

Enhancement 1: > 1 pass over FKuropa’s leading
point region (within 15° from 0° lat, 270° E
Long), at < 2000 km altitude, and with local
solar time (LST) between 9" and 15".

*More precisely, L(4q) is argument of latitude of the gravity
assist moon, measured from the projection of the Jupiter-Sun
direction on the moon’s orbital plane.
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Enhancement 2: increase the time-of-flight be-
tween between the first and second Europa flyby
to > 2 months, for instrument calibration and to
test the flight system in the Europa environment;
also include some robustness to missed flyby ob-
servations.

Enhancement 3: a lower flyby cadence to reduce
the operational complexities, if possible.

The remainder of this section describes some of the
previously developed tour techniques. The subse-
quent sections of this paper present a candidate tour
that meets these three goals (at varying levels), and
the specific techniques developed for its design.

II.ii Standard tour design techniques

Tour design techniques are developed in low-
fidelity models to allow broad searches of solutions
in lower-dimensional spaces. The techniques are used
to design portions of the tour that serve as an initial
guess for high-fidelity trajectory optimization soft-
ware. The model used in this paper is patched conics,
where the trajectory is split in conic orbits, patched
by instantaneous AV’s, to simulate each satellite
flyby. In addition, the moon orbits are assumed to be
circular and coplanar, although an extension of the
techniques to moon ephemerides is sometimes possi-
ble.

Pump and crank angles

In patched conics, a flyby rotates the spacecraft ve-
locity relative to the moon (v,) following well-know
hyperbolic orbit formulas v, = f(v,,p), where p
are two flyby parameters such as altitude and B-plane
angle. Note that by conservation of Keplerian en-
ergy of the flyby hyperbola, ve = [|[VL] = [[v]l-
Voo coordinates are conveniently referred to a rotat-
ing frame, where the x-axis is from the moon to the
planet, and the y-axis is opposite to the moon velocity
Vgq. For moons in near-circular orbits that are also
tidally locked, as is the case for Europa (and the ma-
jority of the moons in our solar system), this reference
frame is almost aligned with the moon body-fixed
frame (with the x-axis towards the prime meridian
and the z-axis towards the north pole). The spheri-
cal coordinates of v, are its magnitude v, the pump
angle a (angle between v, and vg,), and the crank
angle x , as shown in Fig. 2.
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Fig. 2: v, vector in with the pump « and crank x an-
gles, and the body-fixed reference frame of tidally-
locked moon on circular orbits.

Resonant and non-resonant transfers

Each conic transfer in the tour is determined by
the epoch ¢ and the vo, of the flyby at the begin-
ning of the leg (departure) or at the end of the leg
(arrival). When the departure and arrival moons are
the same, then the corresponding v..’s are also the
same (this can be shown by simple symmetry, but it’s
also a consequence of the conservation of energy in
the moon-planet-spacecraft CR3BP”), and the trans-
fer is either resonant, non-resonant, or nm-transfer.’

In a resonant transfer, the departure and arrival
flybys occur at the same moon orbit location, and the
period of the spacecraft is commensurable to the pe-
riod of the moon. Resonant transfers are denoted by
the resonant ratio p = n : m, where n is the number of
moon revolutions and m is the number of spacecraft
revolutions (in some literature, the resonant ratio is
defined as m : n). It is easy to show that for a given
Uso, the resonant ratio only depends on the pump an-
gle (p +— ). Also it can be shown, that resonant
transfers only exist for Voo > Voo min (p)-

In a non-resonant transfer, the departure and ar-
rival flybys do not occur at the same moon orbit loca-
tions, and as such, require the transfer to be co-planar
with the moon’s orbit. Non-resonant transfers are de-
noted as n : m™* (long) or n : m™(short), depending
if the transfers is longer or shorter than 2ms.

Finally in 7-transfers the departure and arrival fly-
bys are 180° apart. w-transfers are typically inclined.
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Crank down: -30 to -40
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V-infinity
Sphere

Fig. 3: Example of flyby on the wvso
position space

sphere and in

The v, sphere is the locus of all possible in-
stances of the v, vector during a sequence of fly-
bys at the same moon. A particular sequence is
represented by a two-dimensional discrete dynami-
cal system in («, k). For example, flybys are map-
ping (at, k) = f(a™,k™,p)?, resonant trans-
fers are mappings (o=, k")t = (o, xT)@ | and
non-resonant transfers are mapping (o=, s~ )+ =
(at, 7 — k1)@ |

Figure 3 shows an example of “pump-up/crank-
down” flyby, that is, a flyby that increases the pe-
riod by reducing the pump angle, and also reduces
the crank angle. The figure shows the corresponding
flyby in position space; the closest approach longi-
tude and latitude can be determined directly from the
pump and crank angles with simple formulas.® The
flyby Av = vt — v is opposite to the radius vector
at closest approach. Finally the figure also shows the
locus of resonant transfers, which is a circle on the
sphere (level sets of «), in a plane perpendicular to
the satellite velocity. A crank-only flyby would then
be represented with a Av connecting two points on
the same resonant circle; the Av and the closest ap-
proach vector would be perpendicular to the satellite
velocity, so the closest approach would be along the
prime or 180° meridian’.

Sequence of flybys: Resonant Hopping, Petal

Rotations, Crank-over-the-top Sequences, and

Switch-Flip
Resonant hopping is a technique that utilizes one

or more resonant transfers to increase (pump up)
or decrease (pump down) the resonant ratio beyond

TIn a high fidelity model, libration will cause closest ap-
proach slightly away from meridians at times

TAC-18-C1.9.11x44026

the level attainable with a single, minimum-altitude
flyby.

Petal rotation is a tour design technique that uti-
lizes a series of non-resonant transfers that alternate
between pumping up and pumping down to rotate
the spacecraft orbit.!® They are grouped in fami-
lies, each identified by a pair of non-resonant transfers
ny :my /ng : my, and are parametrized by v... The
rotations are clockwise if p; > p2, and anti-clockwise
if p1 < p2.

Crank-over-the-top sequences (COTSs) are a series
resonant transfers that begin and end with equatorial
flybys (x = 0° or k = 180°), and traverse a full 180° in
crank angle, typically, but not always, using a fixed
a. If the COT starts at k = 0°, it covers the sub-
planet hemisphere of the moon with retrograde flybys
centered at 0° E long, from north to south if Ax < 0
and from south to north if Ax > 0. If the COT
sequence starts at k£ = 180°, it covers the anti-planet
hemisphere of the moon with direct flybys centered
at 180° E long, from north to south if Ax > 0 and
from south to north if Ax < 0. For more details see.*

A m—transfer sequences is a sequence of flybys that
move the location of the flyby ~ 180° along the satel-
lite orbit. The sequence consists of 1) half-COT to
crank up the inclination and to to set up a 7 trans-
fer; 2) the m transfer, where the flyby location is
changed by 180° on the satellite’s orbit; 3) another
half-COT to crank-down the inclination. A switch-
flip is a technique to attain the same type of rotation,
using a m—transfer at a different moon (for example,
the switch-flip of 17F12 consists of a transfer from Eu-
ropa to Callisto, a Callisto m-transfer sequence, and
a transfer from Callisto back to Europa).

III. TouR 18F17-BETA

The 18F17-beta tour is a fully integrated trajec-
tory consisting of 45 Europa, 6 Ganymede, and 9 Cal-
listo flybys that would be executed over the course of
4 years (disposal phase excluded, Fig. 4 and Table 1).
The tour was first built and optimized in jTOP!! us-
ing a high-fidelity model and then validated in JPL’s
flight-fidelity software, COSMIC. The different sub-
phases of the tour are:

Pump-Down: Uses Ganymede resonant hopping to
pump down the spacecraft orbit to setup a near-
equatorial transfer to Europa, with periapsis to-
wards the Jupiter-Sun direction.

COT-1: Uses a 4:1 COT to cover the sunlit anti-
Jovian hemisphere of Europa from north to
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Fig. 4: Trajectory and groundtrack buildup for 18F17-beta. The trajectory is shown from Jupiter’s northern
hemisphere, centered in Jupiter with the y axis towards the Sun and the z axis toward the normal to the
orbit plane. Red: pump-down; blue: COT-1 and COT-2; black: COT-3; yellow: petal rotation; orange:
transition, leading edge, and COT-4; blue: COT-5 and COT-6; black: disposal
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2 o pt. | GOO | 4 12:46: . A6 162 .
E E g 00601 O | 13-Jul-2025 16:10:20 50| 6.27|02:01:501 51 302| 14| 121
g é E:':IL 01602 0| 27-Feb-2026 16:53:57 | 871.6| 6.56| 23:55:37 | 12| 285| 126 166
g fi] E 04G03 0| 04-Apr-2026 11:14:38 | 915.6( 6.54| 23:14:45 | 6.3| 275 51| 166
= = |05G04 O | 25-Apr-2026 22:19:34 | 450.7| 6.56| 22:37:32 | 7.3| 271 72[ 158

07E01 O | 08-May-2026 22:00:08 | 1442 3.79| 10:27:25 | 65| 169| 62| 66.3| 10.5| 1.75| 14.3( 4.01| 1.01| 28.4| 0.14| 8.43| 26.28| 14.2| 501.4 -176| -154| 21.37| 19.91

— 0BEDZ 0| 23-May-2026 03:15:03 100| 3.86| 11:09:23 | 52| 175%| 50| 52.5|5.57|4.01| 14.3 4 1] 45.4| 0.18| 2.42| 28.7|14.2| 5156 -157| -124| 23.1| 235

é 0SE03 0| 06-Jun-2026 08:14:18 100| 3.86| 11:02:45( 20| 175 39| 23.8| 4.15| 4.96| 14.2 4 1] 44.1) 0.23| 0.73| 25.43| 14.2| 525.8 -125| -52.2| 23.85| 24.12

10E04 I | 20-Jun-2026 13:10:33 50| 3.86| 10:56:08 | -14( 178| 29| 21| -2.8(4.27| 14.2 4 1| 44.1| 0.27| 0.74|30.17| 14.2| 544 -93.6( -60.2| 24.11| 24.01

11E05 | | 04-Jul-2026 18:06:12 35 3.86| 10:49:21 | -47| 178| 18| 50| -8.9]| 2.07| 14.2 4 1] 43.8| 0.32| 0.28| 30.45( 14.2| 558.2 -61.3| -26.8( 23.60| 23.34]

Non-res| 12E06 | | 18-Jul-2026 22:46:06 25 3.88| 12:10:11 | -47| 200| 7.8| 47| -15|0.32] 12.5]7.11) 2.11] 44.7| 0.36 0| 30.46| 25.2| 572.4 -25.3( -0.56( 24.48| 31.65|

14E07 0| 13-Aug-2026 04:27:55 | 1231 3.56| 11:14:06 | -32| 150| 11| 34.1] 15.3| 0.95| 14.2 4 1| 108| 0.47| 0.79| 31.25| 14.2| 557.7 18.4 -180| 171|33.51 27.55)

15E08 0| 27-Aug-2026 09:06:54 25 3.95| 13:12:44 | -67| 182| 21| 68.3| 14.7| 3.68| 14.2 4 1] 45.1| 0.51 3.3| 34.54| 14.2| 611.9 16.1| 170.3| 139.5| 25.6| 26.13

g 16E09 0| 10-Sep-2026 14:03:37 50| 3.97|13:01:44 | -37( 180| 32| 40.1| 10.3| 5.46| 14.2 4 1| 43.6| 0.56| 4.08| 38.62( 14.2| 626.1 15.1] 140.6( 111.7| 26.46( 26.81

- ] 17E10 0| 24-5ep-2026 15:01:07 50| 3.58| 12:54:45| -5 175| 43| 16.2| 3.52| 55| 14.2 4 1] 42.8| 06| 3.51) 42.53( 14.2| 640.3 14.1] 112.5( 84.46| 26,58 27.03

= 18E11 | | 08-Oct-2026 23:55:05 100| 3.58| 12:47:47 | 15| 178| 55| 22.7| -3.7| 4.96| 14.2 4 1] 41.8| 0.64| 4.54| 47.47| 14.2| 654.5 13.1| 85.93| 58.02| 26.52( 26.6)

2 15E12 | | 23-Oct-2026 04:55:41 25 3.97| 12:40:44 | 47| 177| 67| 48.5| -9.8| 2.79| 14.2 4 1] 42.4) 0.68| 1.66) 45.13| 14.2| 668.7 12| 59.47| 29.4| 26.21| 25.72

s Non-res| 20E13 | | 06-Nov-2026 09:57:57 | 218.9| 3.94| 12:16:52 | 77| 172| 79| 77.2| -13| 0.62| 14.3[4.07| 1.07| 43.7| 0.73| 8.68| 57.81| 14.5| 682.9 11.2| 31.04| 1.67| 24.53| 23.76|

a 21E14 0| 20-Nov-2026 20:43:35 | 851.5| 3.85| 15:05:27 | 82| 151| 92| 84.8| 10.7| 2.3| 14.2 4 1] 515/ 0.78| 6.12| 63.93| 14.2| 657.3 34.2| 178.4| -154| 15.07| 15.88|

§ = 22E15 0| 05-Dec-2026 01:57:58 100 3.5( 14:22:32 | 51| 180| 106| 55.7] 5.34| 4.56( 14.2 4 1] 44.2| 0.82 0.2 64.13| 14.2| 7116 34.2| -156| -122| 22.41| 22.87

é 23E16 0 | 15-Dec-2026 07:00:05 100| 3.91| 14:16:14 | 20| 179 120| 38.9] 3.72| 5.53| 14.2 4 1| 42.2| 0.87| 0.17| 64.3|14.2| 725.8 33.4| -125| -92.6| 23.57| 23.76|

24E17 I | 02-Jan-2027 12:01:25 100|  3.91) 14:11:51 -11| 178| 136| 34.3| -3.3| 4.99| 14.2 4 1| 41.6| 0.91| 10.25| 74.55| 14.2| 740 32.6| -95.3| -63.2| 23.86( 23.86|

25E18 | | 16-Jan-2027 16:37:40 35 3.54| 13:57:24 | -47| 177| 151| 53.3| -11| 2.96| 14.2 4 1] 425/ 0.85| 3.75| 78.3|14.2| 754.2 30.1| -55.8| -28.6| 25.37| 24.56|

26E15 | | 30-Jan-2027 21:36:35 50| 3.53| 13:33:35 | -79( 172| 167 75.5| -14| 0.2| 14.3|4.08| 1.08| 43.8| 0.55| 6.3| B4.6| 14.5| 768.4 25.1| -29.6| 3.14| 24.24| 23.55

H 27E20 0| 14-Feb-2027 09:47:43 50| 4.03| 14:25:29| 5.3 155| 176 36.8| 11.5| 0.42| 17.8| 4.54| 0.94| 54.2| 1.05| 19.03| 103.6| 17.6| 782.9 58.6| 177.3| 179.4| 28.97| 16.46

i 28E21 I | 03-Mar-2027 23:11:06 100| 4.08| 16:09:27 | -0| 203| 156| 62.4| -16| 0.46| 14.3| 4.1| 1.1| 36.4| 1.08| 0.74| 104.4| 14.6| B00.4 37.1) -0.19| -0.04| 18.75( 30.64]

E 25E22 0| 18-Mar-2027 12:15:17 25| 4,02| 15:15:33 | -0 156| 140| 48.5| 12.1| 0.45| 17.7| 4.55| 0.55| 56.7| 1.14| 3.72| 108.1| 17.6| 815 71.1| -180| 179.5| 28.56| 16.15

Tﬁ“ 30E23 | | 05-Apr-2027 02:00:36 | 82.26( 4.03| 16:58:06 | 0.2| 201| 122| 74.5| -14| 0.46( 143 41| 1.1)37.1 118 0| 108.1| 14.5| 832.6 50.8| 0.05| -0.03| 17.15| 25.42

= 31E24 0| 15-Apr-2027 14:54:09 25| 4.01| 16:06:01 | 0.2 156| 108| 61.5| 12.5| 0.47| 17.8| 4.95| 0.95| 56.5| 1.23| 1.48| 109.6| 17.6| 847.1 84.1| -180| -180| 29.07| 16.28

32E25 | | 07-May-2027 04:36:27 | 44.27| 4.02| 17:49:23 7| 202 91| 87.5] -13|0.84)| 14.3|4.07( 1.07] 37.3| 1.27| 12.62| 122.2| 14.5| 864.7 £3.9| -0.42| -3.37| 16.98| 29.54

33E26 0| 21-May-2027 15:159:36 | 1932 3.77( 04:.46:08 | -27| 343 75| 106| 10(0.32( 13.5| 4.53( 1.35] 53.7| 1.33 0| 122.2( 16.1| 879.1 87.9| -173| 175.5| 13.24( 15.37|

~ = 9 |34001 0| 06-Jun-2027 18:09:15 | 135.3( 4.B4| 18:57:14| 17| 72.2| 65| 104] 125| 2.24( 18.5( 0.52| 0.52| 64.8| 1.35 0| 122.2( 15.4| 855.2 213| 179.5| -176| 115.2( 103.4

5 &3 06G05 | | 22-Jun-2027 03:54:43 1302| 471 19:30:12| 32| 252 53| 105) -B4[0.19) 12.5| 3.3| 1.82] 1.51| 1.35 0] 122.2( 23.6| 910.6 38.2| 5.76| -0.76| 70.58( BO.81|

é 37002 I [ 15-Jul-2027 19:18:47 25| 3.62| 05:08:11 | 1.5( 106| 35| 103|-120| 0.27| 20.3| 1.56| 1.56] 44.6| 1.44 0| 122.2( 25.9| 934.3 332| 0.6| -0.02| 115.7( 94.56|

a3 TE“ - |38cos 0| 10-Aug-2027 17:05:18 | 1614 3.61( 04:32:20| 0.1) 260| 15| 112] 114| 027|145 2.3| 23| 5.06) 1.44 0] 122.2( 38.4| 960.2 170| 180| 180|54.55( 108.4

% e % 41004 | | 18-5ep-2027 03:33:46 1633 3.62| 01:05:15| 0| 102| 13| 164|-114) 0.27| 20.4| 1.56| 1.56] 22.5| 1.46 0| 122.2( 25.9| 998.6 275 1] 0] 108.3( 54.62|

i =‘f E 42005 0| 14-Oct-2027 01:32:12 | 543.2 3.63( 00:37:28| 0| 258| 34| 171] 118| 0.27( 13.7| 1.26| 1.26 5.13| 1.47 0| 122.2( 21.1| 1025 113| 180| -180| 94.57( 112.5

E 3 44006 | | 04-Nov-2027 04:06:49 | 1292 3.63( 20:45:31 | -1| 106| 51| 131f-121| 0.42( 18.7( 2.59| 2.59| 17.8| 1.49 0| 122.2( 43.2| 1046 206 0 0.34( 112.7| 97.97|

;o.. 46007 0 | 17-Dec-2027 09:03:01 2772 3.63) 20:45:12 | -25( 257 BS| 125) 115( 2.37) 15.2) 1.55| 1.54] 10.6] 15 0] 122.2( 26.6) 1089 55.2| -180( 174.9| 97.77| 107.3

E 35G06 | | 12-Jan-2028 23:40:26 4657 3.2( 20:13:34 | -25| 52.5| 115| 118| -36| 0.74( 15.4( 3.13| 1.35 11.4| 1.51 0| 122.2| 22.4| 1115 248| -10.3| -3.12| 58.32( 46.1]

= ~ 5 |49C08 0O | 04-Feb-2028 08:29:36 5644| 4.37| 18:58:30| 0.3| 258( 138( 105| 116( 0.78| 16.7 1 1] 12.6) 1.52 0| 122.2( 16.7| 1138 27.6| 178.3| 178.3| 100.4( 105.5]

2 B ]socos 0| 21-Feb-2028 00:23:48 | 176.2] 4.38| 18:12:10( 1.3 248( 157| 93.1] 134| 0.71| 12| 1.25| 1.54| 13.5| 1.54 0| 122.2( 20.9| 1154 25.8| 178.3| 178.5| 105.5( 120]

52E27 | | 12-Mar-2028 21:45:26 | 382.8( 4.03| 16:50:28 | -28| 32.4| 178| 73.8] -15| 0.45( 143| 41| 11)68.2 16 0] 122.2| 14.6| 1175 215| -8.03| 0.35] 37.27| 27.71

. 53E28 0| 27-Mar-2028 11:05:05 | 148.1| 4.16( 03:.08:12 | -15| 152( 163( 125| 17.5( 1.32| 17.8 5 1] 57.3| 1.66| 12.61| 134.8| 17.8| 1150 254) 175.4| 165.5| 32.5( 22.65|

- S4E25 0| 14-Apr-2028 05:18:42 | 25.68| 4.16| 15:06:55 | 16| 333| 144) 45.7) 17.2| 0.51| 14.1( 3.85| 0.85| 42.5| 1.7 0| 134.8| 13.8| 1208 253| 170.1| 175.7| 20.58( 32.18|

55E30 | | 28-Apr-2028 00:28:50 | 25.57| 4.26|16:01:47 [ 5.6 29| 130| 60.9| -17| 0.24| 17.8(5.02| 1.02| 33.7| 1.74| 29.44| 164.2| 17.8| 1221 211 0.4( -2.14| 35.77| 24.36|

coT4 56E31 | | 15-May-2028 20:04:52 | 27.38| 4.05| 14:22:36 | -61| 359| 112| 64.8] -4.9| 2.95| 17.8( 5.01| 1.01| 44.8| 1.78| 5.75| 170|17.8| 1235 216| O0.4| 56.15| 13.63( 13.48)

57E32 0| 02-Jun-2028 15:16:52 126.1| 4.04| 14:33:.48 | 35| 359| 96| 51.5]4.31|1.42| 17.8(/5.01) 1.01| 42.5| 1.83 0| 170|17.8] 1257 215| 52.37| 157.6| 11.15| 11.13

~ 5BE33 0| 20-Jun-2028 10:27:47 | 2465 4.13( 04:47:57 | 88| 210 80( 52.8| 11.6( 1.15( 17.8 5 1] 43.1) 1.87| 4.2 174.2( 17.8) 1275 222| 166.5( -159| 18.53 15.03

= 59E34 O | 08-Jul-2028 04:52:24 27.12( 4.17(02:48:22 56| 180| 65| 117 10.5|3.49( 17.8 5 1] 42.3| 1.91 0| 174.2( 17.7| 1293 221| -161| -128| 20.9( 21.22|

2 g BOE35 0| 25-Jul-2028 22:42:24 2531 4.14(02:35:35( 15| 179 51| 135 3.54| 4.24( 17.8 5 1] 40.8| 1.55 0| 174.2( 17.8| 1310 215| -125| -85.3| 19.87( 20.18|

s o |61E36 | | 12-Aug-2028 16:59:55 | 25.18 4.15( 02:29:56 ( -14| 179 37| 135 -2.4| 3.54( 17.8 5 1] 40.5| 1.55| 0.33| 174.5( 17.8| 1328 218| -93.7( -58.2| 20.15( 20.13

a B2E37 | | 30-Aug-2028 11:18:38 | 26,72 4.14( 02:23:.45 | -48| 178| 24| 121 -7.7| 1.42( 178 5 1] 40.8| 2.03| 0.56| 175.1| 17.8| 1346 217| -62.1| -24.6| 15.33 18.57|

% 63E38 | | 17-Sep-2028 05:24:09 | 26.98( 4.13| 03:29:46 | -52| 196| 10| 110| -13| 0.83| 16(9.06) 2.06| 41.2| 2.07| 3.13| 178.2| 32.2| 1364 215| -24.5| 4.16| 19.03 25|

Petal | B5E35 0] 15-0ct-2028 10:08:02 | 5754 4.01]14:1%38| 16| 337| 15| 35.2|11.7| 0.35| 14.1]3.51| 0.51] 53.4| 2.17 0] 178.2| 13.5] 1356 236| 173.6| -178| 16.85] 26.21

GEEAD | | 02-Nov-2028 07:25:42 77.8| 4.03|13:54:01| 72| 3.53| 26| 76.7] -16( 2.45| 14.2 4 1] 35| 22| 3.15) 181.4|14.2) 1410 203] -1.42| -28.4| 27.75( 26.57

B7E41 | | 16-Nov-2028 12:23:57 | 76.57| 4.02| 13:33:02 | 45| 355 37| 52.2| -12| 4.45| 14.2 4 1| 44.6| 2.25| 2.85) 184.2( 14.2| 1424 202| -25.1| -57.4| 26.47| 26.12

g GBE42 | | 30-Nov-2028 17:22:25 | 75.25| 4.01| 13:26:26 16| 358| 49| 28.6] -5.5| 53| 14.2 4 1| 43.2| 2.25| 2.33| 1B6.6( 14.2| 1438 201| -58.7( -87.6| 25.82( 25.7

] GSE43 0| 14-Dec-2028 22:20:36 | 75.15 41 13:20:17 | -13( 358| 61| 22.3] 2.26| 4.67| 14.2 4 1] 42.5| 2.33| 2.51) 185.5( 14.2) 1452 200| -85| -118| 25.74( 25.53

TOEAL 0| 25-Dec-2028 03:17:56 | 76.37| 4.01| 13:13:58  -42| 357| 73| 42.3| 5.13| 2.77| 14.2 4 1] 43.3| 2.38| 0.04)| 185.5( 14.2| 1467 155| -115| -147| 26.2( 26.57

71E45 0| 12-Jan-2025 08:05:05 | 27.56 4] 12:43:34 | -65 351| 86| 62.5) 13.7| 0.1] 14415 1.21) 445/ 2.42 0| 185.5]| 14.5| 1481 158| -147| -175| 26.61| 28.1

§ - s‘._m 48G07 0 | 27-Jan-2029 05:24:04 1142 6.64| 00:15:51| 7| S0.2( 100 174| 84.2( 0.46| 20.2| 2.57| 0.57| 61.5| 2.48 0| 185.5( 18.4| 1456 272| -180| -179| 90.58( 84.21]

[=] a " |72608 | | 14-Feb-2025 13:43:43 600 6.6| 07:02:24 | 87| 349| 119| 91.9) -78[3.92| 19.9 5 1] 1.96) 2.48 0| 189.5(- 1514 114| 0.67| -6.89| 83.91 83.98|

Table 1: Tour 18F17-beta events.
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south. Places flybys over Thera and Thrace Mac-
ula (chaotic terrains displaying dark irregular
features located near 180 W and 50 S [14]). The
first flybys could be used for calibration (see Sec-
tion IILi). The final transfer is a 9:2 resonance
to avoid key activities (i.e., maneuver and/or fly-
bys) during the solar conjunction, when commu-
nication with the spacecraft will not be reliable.

NR Non-resonant transfer to move the flyby location
from the incoming leg to the outgoing leg of the
spacecraft orbit.

COT-2: Uses 4:1 COT to cover the anti-Jovian
hemisphere from south to north.

NR Non-resonant transfer to move the flyby location
from the incoming leg to the outgoing leg of the
spacecraft orbit.

COT-3: Uses 4:1 COT to cover the anti-Jovian
hemisphere from north to south.

Petal Rotation: Uses 4 : 17 /5 : 1~ petals to ro-
tate the location of closest approach counter-
clockwise (as seen from Jupiter’s north pole)
along Europa’s orbit (increasing Lg, ). Obtains
sets of near-equatorial ground-tracks over panels
1 and 3.

Transition to Europa Campaign 2: Uses low-
TID (Total Ionizing Dose) Callisto petal rotation
with Ganymede leveraging to flip the location of
closest approach to the opposite side of Europa’s
orbit (changing Lg, by ~ 180°).

Leading Edge: Uses 4 Europa flybys (3 on the sun-
lit sub-Jovian hemisphere) to set up COT4. E29
is the outgoing pump-down (5 : 1/4 : 1) flyby for
leading edge (LE) coverage.

COT-4: Uses 5:1 COT to cover the sub-Jovian hemi-
sphere from south to north.

COT-5: Uses 5:1 COT to cover the dark side anti-
Jovian hemisphere from north to south to obtain
coverage of the same terrain, both lit and un-
lit, for E-THEMIS. Ends with a 9:2+ transfer to
avoid solar conjunction and pump-down.

Pump-Down 2 Uses 1 Europa flyby and one petal
rotation to pump-down into a 4:1 orbit and ro-
tate the location of closest approach closer to
Jupiter conjunction.

TAC-18-C1.9.11x44026

COT-6: Uses 4:1 resonant transfer to Europa to
cover the sub-Jovian hemisphere from north to
south.

Disposal: Uses Ganymede resonant hopping to in-
crease the apojove such that, on the last orbit,
solar gravity perturbations reduce the perijove
for a planned Jupiter impact.

II1.i Tour characteristics

This section discusses the main characteristics of
18F17-beta, and how it meets Enhancements 1-3,
using the techniques explained in section IV. Tour
18F17-beta is build on the legacy of previous tours,
especially 17F12 and 17F13, as shown in Fig. 5. All
three tours are designed from a Earth-Jupiter direct
interplanetary trajectory launching in 2022, and have
almost identical pump-down, COT-1 and COT-2 se-
quences. Tour 17F13 branches off 17F12 with a third
anti-Jovian COT-3, which was added to respond to
anomalies such as missed observations due to off nom-
inal operations, or to react to key observations from
a previous flyby, at the cost of an "250 kRad.?

17F12
TOF: 3.7 years i
' Petal Transition  cOT-3, COT-4,
TID:2.50Mrad | ¢ 4 tion | EC2 CcoT-5
Launch
6/a/22 , Pump  COT-1, \ ‘ E46
® down | cot-2 | £20 E25 8/19/28 oy
‘ Petal Transition COT-4, COT-5,
cofiol - EL B4 COT3| poio, | R | core | 23/%

12/23/24 5/8/26 i
17F13

I
Transition E31 cor-4, cot-s,

TOF: 4.1 years E18 E26)  eco | e COT—S.

TID: 2.98 Mrad 18F17beta T o~
TOF: 4.05 years E28 E30 1/12/29
TID: 2.4 Mrad

Fig. 5: Schematic of tour options.

The Europa Campaign 1 of 18F17-beta is the same
as 17F13, however, we adopt a new strategy to meet
Enhancement 2, where the early flybys of COT-1 are
used for calibration and flight system testing, and the
science potentially lost is then recovered during part
of the COT-3 flybys. The same strategy could be
applied to 17F13.

To make up for the 250 kRad of COT-3, 18F17-
beta implements a new type of transition to EC-2
phase, where one Callisto flyby quickly pumps up the
perijove outside the high-radiation region. Then a
Ganymede flyby leverages down the v, at Callisto,
and sets up a time-optimal Callisto petal rotation. At
the end of the petal rotation, the process is reversed
and the spacecraft returns to Furopa at the desired
location (about 180° away), with the desired v and
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period . The TID cost of this phase is just 0.2 Mrad
(including the setup flybys) compared to the 0.5 Mrad
of typical switch-flip transitions, for about the same
AV and time of flight (TOF). The TID savings are
sufficient to offset the COT-3 costs, and to set-up the
leading edge (LE) flyby.

After the Transition to Europa Campaign 2 Phase,
a couple of Europa flybys sets up the outgoing 5:1/4:1
pump-down flyby that meets the LE constraints of
Enhancement 1. Then the tour proceeds to COT-
4 (lit sub-Jovian hemisphere coverage) and COT-5
(dark anti-Jovian hemisphere coverage), a sequence
of flyby that spans 360° crank angle, using 5:1 res-
onant transfers to meet the lower cadence goal for
part of the EC-2, and to further reduce the TID. The
lower cadence COT's are added in the second part of
the tour, because in the first part of the tour, higher
period orbits with the perijove toward the Sun would
produce long eclipses. The 5:1 COTs conveniently
follow the LE flyby, both techniques requiring a sim-
ilar v ~ 4.1 km/s. This vy is slightly higher than
the one used in COT-1-3 (3.9 km/s), although not
high enough to guarantee the same number of ground-
tracks with a different resonance. Coarser ground-
tracks are acceptable for the dark COT (preferable
in terms of TID), but to make up for the few lit-flyby
in COT-4, a denser ground-track sequence is imple-
mented in COT6 with 4:1 resonances at the same vqg.

Tour 17F12_Vv2 17F13 18F17-Beta
Launch Date 8/4/2022 6/4/2022 6/4/2022
Arrival Date 12/23/2024 12/23/2024  12/23/2024
Tour Duration (years)’ 3.7 4.1 4.05
Number of Flybys
Europa 46 54 45
Ganymede 4 4 6+
Callisto 9 9 9
No. of Night Side Europa Flybys 9 10 7
No. of Jupiter Orbits” 70 84 71
Time between Flybys (days)
Maximum 229.0 229.0 229.0
Minimum 54 42 13
Minimum (Europa-to-Europa) 10.1 10.6 13.9
Deterministic AV, post-PRM (m/s) 182 188 189
Total Deterministic AV (m/s) 1,305 1,310 1,339
Maximum Inclination (deg.) 18.9 18.0 59
No. of Jupiter Eclipses 47 55 62
Maximum Eclipse Duration (hours) 9.15 9.14 9.20
Total lonizing Dose (Mrad) 250 2.98 2.39

(*) From GO to EOM (last Europa flyby)

Table 2: Tour comparisons

Overall, 18F17-beta requires similar AV, TID, and
TOF of the current baseline 17F12 (see Table 2),
and also include the enhancement described in the

TAC-18-C1.9.11x44026

introduction, at varying degrees. The improvements
came by implementing new design strategies, built
on techniques that will be explained in the following
sections. 18F17-beta has passed the preliminary nav-
igation analysis, and is currently being analyzed for
its science return, after which it may be tweaked or
re-designed in part. 18F17 has a similar number of
Europa flybys as 17F12, with the additional COT-3
and the LE flybys, but without the Europa flybys in
the Transition to EC-2 Phase.

IV. TOUR TECHNIQUES

IV.i Radiation environment for tour design

Spacecraft in orbit around Jupiter must contend
with Jupiter’s harsh radiation environment. A com-
monly used metric of how severely a spacecraft is im-
pacted by the radiation is the TID received by a hypo-
thetical silicon target at the centre of a 100-mil thick
spherical shell of aluminum, of inner radius 8 inches.
Computing this TID accurately is a laborious pro-
cess, making it difficult to quickly compare the TID
on different trajectories, an ability which would guide
the mission design much more effectively. Here we de-
velop a tool called GRAV2p (GRID2p, Averaged) to
approximate the TID almost instantaneously, using
a TID rate database computed with two previously
developed tools and one averaging process.

First, the gridded version, GRID2P,'? of
GIRE2p!® (the Galileo Interim Radiation Environ-
ment, version 2p) is used to quickly compute the
electron and proton fluences at any particular point
around Jupiter in System III coordinates (essentially
body-fixed radius, latitude and longitude, with rota-
tional period being the radio-emissions rotation pe-
riod). There is no time-varying component. The next
step is to average out the fluences over the longi-
tude, since Jupiter’s rotational period is much higher
than the angular rate of most spacecraft trajectories
that might be considered for tour designs, and the
longitudinal variation is relatively slight, arising pri-
marily from Jupiter’s roughly 10-degree dipole tilt.
The final step is to determine the TID that results
at a given radius and latitude from exposure to these
longitude-averaged fluences. Here another simplifica-
tion is made in that the radiation transport is esti-
mated by means of a response function rather than
a full run of a radiation transport code.!* The re-
sponse function is generated by running the trans-
port code NOVICE' for a small number of samples
within each energy bin; the average TID per particle
from the samples is then multiplied by the fluence in
the energy bin to give the TID rate for that energy
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bin.

The overall TID rate is then just the sum of the
TID rates in each of the energy bins. After these three
steps, we are left quite simply with the approximate
TID rate at any point in space around Jupiter (Fig.
6), which can be integrated almost instantaneously
over a trajectory to give the overall TID for that tra-
jectory (similarly to what done in'®17). In spite of
the numerous approximations made, the TID thus
obtained for Jovian satellite tours is typically within
a few percents of the accurately computed value.

log10(TIDrate, Rad/sec)

\\\ :

Fig. 6: On the left, longitude-averaged TID rate
around Jupiter (100 mils Al spherical shell). Or-
bital radii of Io, Europa, Ganymede and Callisto
are shown. On the right, TID per orbit

o Oy
o'~

Pul_]()w km
»
A0 o 0 o

@
o

Apojove, km

IV.i (V-infinity, resonance) graph

In the circular moon orbit model, the spacecraft
orbit can be described by two coordinates only, such
as semi-major axis and eccentricity, or by v and
resonance ratio, p. Features of the orbit (such as pe-
riod, radiation dose, etc...) can be expressed directly
as functions F'(p, v ), and represented with level-sets
on a (p,vs) two-dimensional graph. Figures 7, 8,
and 10 show different examples of this graph, where
(p,vso) are relative to Ganymede, Europa, Callisto,
respectively. Because the graph can easily get clut-
tered with level-sets, the three figures highlight dif-
ferent features. In practice, one would hide or show
only the features needed for a specific part of the tour
design.

Figure 7 shows the basic features of the graph. The
vertical lines with p = n/m are the n : m resonant
orbits. The shadow region around the 2 : 1 resonance
is the 2 : 1 attainable set, which is the collection of
all the orbits that can be reached with a flyby (with a
minimum-altitude constraint) from a 2 : 1 orbit. An
example minimum-altitude, pump-up flyby is shown
with an arrow between point (b) and (c¢). Resonant
orbits and their attainable sets are already included

TAC-18-C1.9.11x44026

on a similar plot presented by Strange et al.'®

Figure 7 also shows the range of v, for a given
resonant-hopping. For example, jumping between
a 2:1 and a 4:1 at Ganymede is only possible for
3.5km/s < voo < 4.5km/s . At higher vy, the flyby
bending is too small, and at lower v, the 2 : 1 and
4 : 1 pump angles are too far apart (a consequence of
the pump angles being close to 0°). Note that the 2:1
attainable set reaches the 4:1 resonance at the same
Uso at which the 4:1 attainable set reaches the 2:1
resonance (because pump-up and pump-down flybys
are symmetric). We exploit this fact by only plotting
the right or left boundary of the attainable sets, since
information about the other bound can be deducted
using neighboring resonances. For example, the know
Voomaz t0 pPump-up between 4:1 and 10:1 is about 6.5
km/s, because that’s where the 4:1 pump-down at-
tainable set reaches the 10:1 resonance. Figure 7 also
shows 3 : 2% non-resonant orbits branching off from
the 3 : 1 resonant orbit at point (a).

Figure 8 shows the (p,vs) graph at Europa with
some additional features: the radiation dose (per
spacecraft revolution), and the number of flybys
needed to complete a COT sequence (a function of
(p,Vs0), as explained in%). We re-arrange this data
to also generate the parametric COT analysis of Fig.
9.

Figure 8 also shows an example of resonant hop-
ping that is very sensitive to the type of non-
resonance used: the 3:1+/4:1- is possible for vy, as
low as 4.1 km/s (point b), but 4:1/3:1 requires 4.5
km/s (point a), and while 3:1-/4:14+ needs vo, > 4.5
km/s. Note that changes of as little as 200 m/s in
the v, are relevant as they cost "20 m/s in leverag-
ing maneuvers, which is 10% of the entire determin-
istic AV budget for the tour. Finally point (c) in the
graph shows that the 4:1/5:1 pumping used in Eu-
ropa Clipper tours requires v =~ 4 km/s, at which
4:1 COTs are dense but 5:1 COT are coarse. We used
this property in the Europa Campaign 2 of 18F17 to
design the lower-density, 5:1 COT 4, followed by the
higher-density, 4:1 COT-6.

Finally, Fig. 10 shows the (p,vs) graph at Cal-
listo with a level-sets of constant vs, at Europa and
Ganymede. The graph is used to set up the Tran-
sition to FKuropa Campaign 2 phase. Towards the
beginning of this phase, we would like the spacecraft
transfer to Callisto and quickly reach a 1:1 resonant
orbit, to escape the high-radiation region. The trans-
fer is represented by a point on the v g, = 4 km/s
level-sets. The graph shows that the only points on
that curve within the 1:1 attainable set region have
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high vy, , for which the flyby AV are small. Alter-
native solutions at lower v, include reaching a non-
resonant 2 : 27 attainable set (instead of a 1:1); or
reaching 1 : 1 from a low v ,Ga , using a Callisto-
Ganymede-Callisto transfer. Both solutions are im-
plemented in 18F17.

10[1 32— 21— 41 10:1.
9 3:20) f13:2(+) __-:‘
V| .| Mid alt flyby|
8 X ) (b} {c H
\ 1
" 7 L ) ' v_max for
2 6 . 1 41/101
—‘4“ 1N K H {
95 8 i
= |
4 ' ! v, min for
1 [l 1 e
3 [l 1 @) e, 2:1/4:1 (©) 1
P 1
1 (a) by _min(3:2) ! | |
1 2 3 4 5 6 7 8910
resonance

Fig. 7: (p,veo) graph at Ganymede. The flyby mini-
mum altitude is 25 km.

9:2

Lkm/s

4.5
resonance

5.5

Fig. 8: (p,voo) graph at Europa. The flyby minimum
altitude is 25 km.
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vInf, km/s

5
4t
3

Fig. 9: Parametric COT analysis using functions of
(Voos P)

vinf, km/s

resonance

Fig. 10: (p,vs0) graph at Ganymede. The flyby min-
imum altitude is 25 km.

IViii Fast and Low-TID rotations with cycler,
switch-flip, or petals

Tours often need to rotate the spacecraft orbit rel-
ative to the Sun (for example for magnetic field and
plasma measurements ) or the location of the flybys
on the satellite orbits (for example to measure high-
order gravity fields coefficients and tidal effects; or
for close-up surface observations at prescribed illumi-
nation conditions; or for distant measurements of the
limbs at high phases at different longitudes). The
Transition to EC-2 - present in all Europa Clipper
tour designs, including 18F17 - is an example of a
~ 180° rotation, which is nearly ballistic and is de-
signed to minimize the TID and TOF. This section
discusses three techniques we analyzed for its design.
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The first technique is Ganymede-Callisto cyclers.
Cyclers are trajectories repeatedly transferring a
spacecraft between two bodies. Figure 11 shows an
example cycler optimized in a high-fidelity model
(JTOP), with two cycles each providing ~ 90° ro-
tation. First guess solutions are designed with the
help of Star.'?

y (km)

x (km)

%108

Fig. 11: 180° rotation of the spacecraft orbit and of
the flyby location, from G1 to G9, repeating two
GCGC cycles (G1-G5 and G5-G9) .

The second technique uses a Callisto 7-transfer se-
quence with 1:1 resonant transfers. The number of
flybys in the sequence, and therefore its total TOF
and TID, is function of the v, and is computed with
the same formula used in the COTs parametric anal-
ysis.

The third technique uses Callisto petal rotation?.
Figure 12 shows the TOF and TID for 180° rotation
for different families$, most of them providing a clock-
wise rotation, with the exception of the 1:1%/2: 1~
family. Clockwise rotations exploit the apparent mo-
tion of the Sun (2.5° per month), and can complete
the 180° rotation sooner. The figure also shows the
switch-flip TOF and TID for comparison.

*Options using Ganymede petal rotation were analyzed but
not reported here as they were found to be less competitive
than the Callisto petal.

8Selected looking at the attainable resonance sets on a (p —
Voo ) graph
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Fig. 12: 180° rotation of the spacecraft orbit using
Callisto petals or switch-flips. (a) is the design
point for 18F17-Beta, (b) is the design point for
17F12 .

All these techniques can be used for the Transi-
tion to EC-2 Phase. The total TID and TOF costs
will depend on their ease of implementation and their
flexibility to satisfy operational constraints - which
are not straight-forward to generically quantify. In-
stead this paper presents a qualitative discussion of
the strengths and weaknesses of each approach, and
some representative case studies, shown in Table 3.
In 17F13, a w-transfer sequence is implemented as
part of the Transition to EC-2; most of the TID is
accrued during the Europa flybys before and after
the switch-flip, from E26 to E33, which are needed to
reach Callisto at low v, and to crank the orbit down
to zero inclination. The switch-flip TOF is penalized
by 3:5 and 3:4 resonances, to pump up to 1:1, avoid
flybys during the solar conjunction, and set up the
proper phasing for the transfer to Europa. The petal
rotation implementation is from the 18F17-beta tour,
and uses Ganymede flybys before and after the petal
to leverage the Callisto v to 3.6 km/s. The original
strategy includes 3 pairs of 1:14+/2:2- petals; the first
petal is changed into a 1:1+/3:3- to increase the time
of flight between C03 and C04 when the solar con-
junction occurs; and the last 1:14+ was replaced by a
2:24+ to obtain a more favorable phasing for GO6 and
eventually for the transfer to Europa.
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Case Feature Cyclers 7 Transfer Sequence Petal Rotations
Sy |TID, krad 300 25 60
= = |TOF, mo 5.5 4 5
50
25 |ve, km/s 3.5/4.5 2.7 3.6
A few Eu-Ca options, Many Eu-Ca options by
Phasing  |Fixed vee and phasing |adding 1:1 resonant adjusting the ealry and

transfers final petals.

Can disrupt the Mainly out-of-plan Can be avoided

*
2 targ.
3] :nba;g phasing invalidating orbits with no changing the resonance
“c"‘ Yoy the trajectory untargeted flybys (many options)
g Sola Can disrupt the Can be avoided Can be avoided
:ﬁ Con‘r phasing invalidating changing the resonance |changing the resonance
5 J: the trajectory (few options) (many options)
= Eclinses Few chance of mid Few to no eclinses Multiple eclipses for
P eclipses P clockwise petals
TID, krad [N/A 600 330
TOF, mo [N/A 9.9 10.2

Table 3: Comparison of techniques and their implan-
tation for 180° rotation of the line of apses. (*)
From the examples in the previous pictures. (**)
Switch-flip from 17F13, Petal from 18F17-beta.

Finally, Fig. 13 shows the Callisto petal rotation of
18F17 (C02-CO07) in the Jupiter-Callisto frame. The
trajectory shadows three periodic orbits and their
heteroclinic connections in the Callisto-Jupiter circu-
lar, restricted, three-body problems. Each periodic
orbit is associated to a ny : nj/ng : ny petal. These
periodic orbits and their potential use for fast orbit
rotations were discussed in Anderson.'®

1:17/3:3 1:1%/2:2 2:2-/2:2°

To
4';
Jupiter

Fig. 13: Callisto petal rotation of 18F17 (C02-CO08)
in the Jupiter-Callisto rotating frame. The tra-
jectory is symmetric and shadows a periodic orbit
of the Jupiter-Callisto circular, restricted, three-
body problems!? .

IV.iv Leading and trailing point flyby

This section analyzes the conditions that enable
close flybys over the leading and trailing regions. Fig-
ure 14 shows a flyby whose orbital plane contains the
leading (and trailing) point. By identifying the posi-
tion space and the velocity space, Fig. 14 also shows
a great circle, which is the intersection of the flyby

TAC-18-C1.9.11x44026

orbital plane on the v, sphere, and contains both v
, vL, and the moon velocity vector. (v , vi) are
then connected by a pump-only flyby. In particular,
a pump-up flyby flies over the trailing point, and a
pump-down flyby flies over the leading point. The
altitude of the passes h can be computed with

(62 — 1)Mga/vgo _

h = —
1+esina

T9a 1]

where @ is the average pump angle, and the eccen-
tricity is given by

o A
e= 1/sin§ = 1/sin | 2a|
- +
a = u7 Ao =at —a~
2
. _OO
v,, sphere Lef&dmg
) point
h == \J '
!V+ To
® Jupiter
vinf =4.5 km/s

Pump up: 3:1 to 4:1
Crank constant: -30 deg

Fig. 14: Example of pump-up flybys

Since the altitude over the trailing and leading
point does not depend on the crank angles, the follow-
ing discussion assumes equatorial flybys with either
k = 0 (incoming flyby) or k = 7 (outgoing flyby).
The longitude of the closest approach is then

1+ i0*du

AELong = —Qxio+ T 5

io—{

—1 for pump-down o~ < a™
+1  for pump-up o~ > at

—1 for incoming k =0
+1 for outgoing Kk =7

du =

Finally, neglecting Europa eccentricity, the illumi-
nation conditions at the closest approach are a linear
function of Lg,
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LSTca

360° — AElong [2]

so that a constraint in LST is easily transformed
into a constraint on Lg,. Figure 15 shows a represen-
tation of these equations on Europa’s surface. The
leading-point region coverage is enabled by a low-
altitude, pump-down flyby (incoming or outgoing),
with @ as close as possible to 90°. Figure 15 also
shows the ground-track of the leading-edge flyby E29
in 18F17-beta. The spacecraft reaches 15° from the
leading point at < 2000 km (in fact, < 1000 km) with
LST in the 9" — 15" bin, as required by Enhancement
1.

Pump-up « -« Pump-down a -«

Incoming «—o | Outgoing x—n | Incoming x—o | Outgoing rx—r

———

“ofe1s

o] = ¢ o7for

.

- i
1sE0s.

380w 330W 300W 270w 2000 210W 180W 1500 120W 90w 60w 30W [
0 30E 60E 90E 1206 150E 180E 2108 240E 270E 3008 3308 360E
— 2124 — 1821 15-18 915 6 03

Fig. 15: Location of the closest approach for an equa-
torial flyby. Also plotted: ground-track of E29
flyby (below 1000 km) from 18F17-beta.

Leading-edge flyby implementation

A low-altitude leading-edge flyby is designed with
a pair (o, at), such that & = 90° ( Agiong — 270°)
and Aa = dmaz (b = hmin). In practice, the flyby
needs to be connect to other parts of the tour, and
the pair (o™, a™) is chosen from a small set of res-
onant or non-resonant Europa transfers. Transfers
shorter than 10 days are not considered due to oper-
ational constraints, and transfers with too many per-
ijove passes are excluded for their large accrued TID.
Low resonances such as 3:2 are also excluded for the
TID needed to set them up. With these considera-
tions and with the help of a (p, v+ ) graph, a short list
of (a™,a™) is selected and for them, the altitude over
the leading point is computed as function of vs,. To
meet the specific Enhancement 1 requirements, Eq.
1 and 2 are modified as

higo = (62 _ 1)Mga/vgo -
o 1 +esin(a+7r/12) 9

TAC-18-C1.9.11x44026

Lp, = LSTLg
24h
where his50 is the minimum altitude at 15° = 7/12
off the trailing point. The illumination condition con-
straint becomes

360° — (270° + io x 15°)

LST € [9",15"] —

, Lpa € [-120°-30°]
L, € [~150°, —60°]

for incoming kK = 0
for outgoing k = 7

... Incoming - - Outgoing
— Incoming or Outgoing

3000 — r <

2500 .
.r"“:l 51

Altitude , km
—_ - [4¥]
o o o
S o S
IS IS IS}

500 f

[
ob— 4 o 4:1/3:1 ]

343638 4 42444648 5
Voo km/s

2000, .
1800
1600 -

1400
1200
1000

Altitude , km

800

600

400 F3:

200

Fig. 16: Families of leading-edge flybys. The altitude
if the lowest in a region up to 15° away from
leading point.

Note that the second constraint is the easier to
meet, since outgoing Lpg, of —150° are also accept-
able for the sub-jovian COTs in EC-2. An outgoing

Page 13 of 15



69th International Astronautical Congress, Bremen, Germany. Copyright (© 2018 by the authors. All rights reserved.

leading-edge flyby is a more efficient implementation
(as opposed to a inbound flyby) when considering the
high number of other science measurement require-
ments.

Figure 16 shows the altitude of the leading-point-
region entry (Agiong = 185°) as function of the v,
for several families of pump-down flybys. Each family
is identified by the resonant or non-resonant transfers
connected by the flyby. The figure on the left only
shows the families n1 : my /ns : m3 (dotted line) ,
ny1 : my/ng : my (solid line), and ny : m7 /ny : my
(dashed line). The figure on the right shows a close-
up with all the possible combination of resonant and
non-resonant transfers. 18F17-beta uses an outgoing
5:1/4:17 | since it can be easily patched to the rest
of EC-2 , and doesn’t require much TID.

V. CONCLUSION

This paper presents the candidate tour 18F17-beta
for the Europa Clipper mission and the new tech-
niques that are developed to meet (at various levels)
the enhancements requested at the recent Prelimi-
nary Design Review. In particular, the tour includes
a flyby covering the leading point region, and two
lower-cadence COTs during the later part of the mis-
sion. The tour utilizes the same three COT sequences
of 17F13, when only two are needed to meet the level-
1 science requirements, as a way to (at worst) have a
number of early flybys for calibration, and (at best)
a way to offer robustness to the tour. The TID costs
of the third COT sequence was compensated with
a new, low-TID transition to Europa Campaign 2
phase, using Callisto petal rotations.
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